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Between 2002 and 2004, excavations on the castle of Middelburg (Belgium) revealed ample pottery
assemblages dating to the 16th and 17th centuries. Gas chromatography mass spectrometry (GCeMS)
analysis of preserved surface residues on these ceramics allowed the identiﬁcation of biomarkers for
animal and vegetal foods, and thermal processing. This paper furthermore reinforces the methodology
for examining food residues by GCeMS, particularly in pottery in which highly varied meals were pre-
pared. For example, this study forms the ﬁrst instance in which dairy signals have been identiﬁed in mid-
chain ketones. Moreover, insights are gained in the multiple uses of vessel types and questions arise on
the dietary and medicinal practices of the inhabitants of this particular castle site.
© 2016 Elsevier Ltd. All rights reserved.1. Introduction
Several travelers made accounts of their visit to the Low Coun-
tries in the 16th and 17th centuries. In their journals, they reported
on the manners and behavior of both Dutch and Flemings (e.g. de
Rocherfort 1672; Havard de la Montagne, 1913; Moryson, 1908).
These traveler's accounts, together with several cookery books,
make up a considerable part of the current knowledge on dietary
and medicinal practices in the early modern Low Countries. How-
ever, as these are often products made by and written for the better
off, the information available is biased towards speciﬁc social
groups. In this paper, it is explored how gas chromatography mass
spectrometry (GCeMS) can contribute to this debate, using surface
residues on 16th- to 17th-century ceramics from the castle site of
Middelburg as an example.
Middelburg (Maldegem, East-Flanders) is a small town with
associated castle, situated in the Flemish part of Belgium on the
border with the Netherlands and in the near vicinity of some majorPoulain), janbaeten@yahoo.
, dirk.devos@biw.kuleuven.belate medieval and early modern urban centers such as Aardenburg,
Bruges and Sluis (Fig. 1). During most of the 15the16th century, this
small townwas rather prosperous (De Clercq et al., 2007). However,
with the outbreak of religious and political troubles in the second
half of the 16th century, Middelburg became a focal point in the
frontline of the Dutch Revolt. In the late 16th century, the city's
castle was frequently seized and occupied by Spanish and Dutch
armies, losing its function as a noble residence. Subsequent military
actions made that the castle had fallen completely in ruins by the
middle of the 18th century (De Clercq et al., 2007).
Between 2002 and 2004, excavations were carried out on this
castle site. In view of the high numbers of well-preserved pottery
assemblages, Middelburg constitutes a type-site for the study of
pottery in the early modern Low Countries. Previous articles have
already reported on the ceramic typology, environmental remains
and the content of an ointment jar (Baeten et al., 2010; De Clercq
et al., 2007; Poulain et al., 2013). These studies are now com-
plemented with analyses on food crusts and ointments preserved
in pottery vessels. Visible surface residues were investigated by
GCeMS in order to reveal their original contents and hence shed
light on diet and function of the vessels in times of war. The mo-
lecular data will then be confronted with contemporary written
records.
Fig. 1. The actual geographical location of Middelburg.
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2.1. Sample selection
After a visual inspection of the entire ceramic record of the
Middelburg excavations, a total of 12 redware cooking pots, 1
redware bowl, 5 ointment pots and 1 unknown redware vessel type
were selected based on the presence of visible surface residues
(Fig. 2) and retained for further analysis.
The cooking pots are characterized by a wide rim opening
(12e21 cm), a short neck and a base with thumbed feet (M03), a
tripod base (M04) or a slightly concave base (M08). Most of them
are covered with a colorless lead glaze and blackened by soot,
indicating an intensive use. Then again, the cuff-shaped rim with
pronounced lower lip and the application of lead glaze on the inside
is typical of the bowl (M13), teil in Dutch. The ointment jars consist
of 2 maiolica and 3 redware individuals. The maiolica forms (M15,Fig. 2. Preserved surface residues in sample M04.M18) have a concave base, a sharp transition to a cylindrical body
and an overall tin glaze. The redware jars (M14, M16, M17)
resemble the maiolica ones with a ﬂat base and sharp transition to
the body. Finally, with its upright rim, ﬂat base and green glaze on
the inside, M19 constitutes an unknown vessel type.
The vessels were found all over the castle site (Fig. 3). M10, M11
and M17 were recovered from a garderobe chute on the lower
court, while M8 was found amongst the debris of the upper court's
southern tower. All other individuals derived from the moats sur-
rounding the castle's buildings. The assemblage containing sample
M10, M11 and M17 dates from the late 16th century (Poulain et al.,
2013). Sample M08, on the other hand, dates somewhere between
1583 and 1608. Finally, the vessels deposited in the moat can all
largely be dated between 1500 and 1700.
A further distinction can be made between ceramics found on
the upper court, mostly associated with a more residential/repre-
sentational function, and the lower court which mainly had a
functional character. The common character of the sampled ce-
ramics makes that this distinction is not reﬂected in their formal
aspects. However, as the analysis of the preserved contents may
still point to a differentiated use between ceramics on the upper or
lower court, this distinction was retained.2.2. Sample pretreatment
The surface residues were scraped off from the ceramic sherds
with a scalpel and thereafter crushed with mortar and pestle. A
standard lipid extraction was performed on 10e200 mg of residue
using chloroform: methanol (2:1 v/v) as solvent and ultra-
sonication to assist the extraction. The samples are listed in Table 1
with the results of this lipid extraction. After centrifugation, a
portion of the extract was concentrated and derivatized with N,O-
bis(trimethylsilyl)triﬂuoroacetamide þ 1% trimethylchlorosilane
and dissolved in toluene before analysis with GCeMS. Another
portion of the extract was methylated using boron triﬂuoride in
methanol and thereafter reacted with dimethyl disulﬁde adducts
and iodine to yield dimethyl disulﬁde adducts. Elemental sulfur
was present in 9 samples, most likely due to microbial reduction of
marine derived sulfates (Pester et al., 2012), and was removed with
activated and cleaned copper turnings, according to Environmental
Protection Agency method 3660B, to avoid interference with the
chromatographic separation. Detailed information on derivatisa-
tion protocols can be found in Baeten et al., 2013.
Fig. 3. The sampled ceramics with their approximate ﬁnd location on the excavation plan, projected on the map of the defensive system around Middelburg, drawn up in May 1702
by Senneton de Chermont (Archives de l’Armee de Terre, Vincennes (France), Fonds Midelbourg, 14; Martens 2012). Preserved surface residues are indicated in grey. M3 and M5 are
not depicted as they are body sherds.
Table 1
List of surfaces residues with context information and extraction and total lipid extract (TLE) weights.
Label Context n Upper/Lower court Vessel type Location of residues Date Extraction wt (mg) TLE wt (mg) Yield (wt%)
M01 02e36 UC cooking pot rim þ inner wall 16the17th c. 63.8 0.8 1.3
M02 02e38 UC cooking pot inner wall 16the17th c. 30.3 1.4 4.6
M03 02e39 UC cooking pot inner wall 16the17th c. 10.7 1.3 12.1
M04 02e8þ41 UC cooking pot inner wall 16the17th c. 29.2 1.5 5.1
M05 03e45 UC cooking pot inner wall 16the17th c. 140.9 1.4 1.0
M06 03e45 UC cooking pot inner wall 16the17th c. 20.4 1.8 8.8
M07 03e45 UC cooking pot inner þ outer wall 16the17th c. 124.5 8.4 6.7
M08 03e47 UC cooking pot inner wall 1583e1608 151.9 1.2 0.8
M09 03e49 UC cooking pot inner wall 16the17th c. 102.3 0.9 0.9
M10 04e2 LC cooking pot inner wall late 16th c. 153.3 1.9 1.2
M11 04e2 LC cooking pot inner þ outer wall late 16th c. 135 2.4 1.8
M12 04e8 LC cooking pot inner wall 16the17th c. 37.5 0.9 2.4
M13 04e11 LC bowl inner wall 16the17th c. 118.1 0.5 0.4
M14 02e38 UC ointment pot inner wall 16the17th c. 201.2 3 1.5
M15 02e38 UC ointment pot inner wall 16the17th c. 201 5 2.5
M16 03e52 UC ointment pot inner wall 16the17th c. 202.1 1.2 0.6
M17 04e2 LC ointment pot inner wall late 16th c. 202.1 6.5 3.2
M18 04e8 LC ointment pot inner wall 16the17th c. 123.8 1.3 1.1
M19 03e44 UC ? (green glaze) inner wall 16the17th c. 65.1 1 1.5
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GCeMS analyses were carried out using a 7890A Agilent gas
chromatograph coupled to a 5977A mass spectrometric detector.
The GC was equipped with a HP-5MS capillary column
(30 m  0.25 mm  0.25 mm). 1e2 ml of each sample was injected
using splitless (head pressure 9.15 psi) or pulsed splitless (head
pressure 20 psi) injection at a temperature of 290 C. The initial
oven temperature of 80 C was held for 1 min, ramped at
10 C min1 to 150 C, then ramped at 4 C min1 to 320 C and
ﬁnally kept at this temperature for 20min. The transfer line and ionsource were held at 330 C and 230 C, respectively. The mass
spectrometer was operated with an ionization potential of 70 eV in
both scans ewith mass spectra taken between massesm/z 50e700
e and selected ion monitoring (SIM) mode. Peak identiﬁcations
were performed using the National Institute for Standards and
Technology (NIST11) and Wiley (W9N08) mass spectral databases,
published mass spectra, retention characteristics, mass spectral
deconvolution (using Masshunter and AMDIS software) and inter-
pretation of mass spectra.
Isomers of hydroxyoctadecanoic acid were detected as trime-
thylsilyl (TMS) derivatives and ion screening using the [M15]þ ion
M. Poulain et al. / Journal of Archaeological Science 67 (2016) 32e42 35(m/z 429) and ion pairs resulting from a-cleavage next to the tri-
methylsilyloxy group. Isomers of monounsaturated fatty acids were
detected as DMDS adducts of methyl esters and ion screening using
the molecular ion Mþ and ion pairs resulting from homolytic
cleavage between the two methylthio groups. Threo and erythro
DMDS adducts result from cis and trans monoenoic acids, respec-
tively, and are fully separated on apolar stationary phases (threo
isomers elute earlier). u-(o-alkylphenyl)-alkanoic acids (APAAs)
were detected as methyl esters in SIM mode using ions m/z 105,
262, 290, 318 and 346. Polynuclear aromatic hydrocarbons (PAHs)
were identiﬁed using retention data reported by Wang et al., 2007.
3. Results and discussion
3.1. General composition of the lipid extracts
Among the cooking vessels (M01eM13, Table 1), 12 out of 13
residues yielded good lipid signals. The chromatogram of sample
M09 was the only one that did not show any peaks from lipids. All
other extracts were primarily composed of aliphatic lipids (Fig. 4),
mainly free fatty acids and acylglycerols, suggesting that the
cooking vessels are indeed associated with the consumption of fat-
containing foods. The predominance of free fatty acids over mono-
and diacylglycerols indicates that the lipids are highly degraded, a
feature that is typical for ancient organic residues. This is further-
more demonstrated by the presence of medium chain (viz. C6eC12)
fatty acids, u-hydroxy fatty acids and a,u-alkanedioic acids as well
as hydroxy-C18:1 and eC18:0, which are all degradation products of
unsaturated fatty acids (Belitz et al., 2004). u-(o-alkylphenyl)
alkanoic acids (APAAs) and C27eC35 mid-chain ketones provide
further evidence that the acyl lipids have been heated to temper-
atures in excess of 300 C (Evershed et al., 2008; Raven et al., 1997).
Trace amounts of cholesterol and sitosterol derived steroids also
demonstrate that both animal and plant derived products were
processed. The presence of levoglucosan and phenolic acids (viz. p-
hydroxybenzoic, vanillic and syringic acid) may further indicate the
processing of plant foods. Another surprising ﬁnd was the presence
of pyrogenic PAHs, most notably in sample M07 and sample M11,
suggesting that the vessels have been in contact with an open ﬁre.
The residues from the ointment pots (M14eM18, Table 1) yiel-
ded highly variable results. Sample M14 was composed of the same
lipids that were detected in the cooking vessel residues, viz. fatty
acids, mid-chain ketones and steroids. Similar lipids were also
present in sample M15, M16 and M17, although in much lowerFig. 4. Total ion count chromatogram of the lipid extract. Compounds are labeled as follows
(open squares, n:m), monoacylglycerols (close rhombi, n), n-alkanols (open circles, n) andamounts. The lipid extract from sample M18 was composed almost
entirely of diterpenoids, which evidence the presence of a plant
resin. Sample M19, which constitutes an unknown vessel type, did
not show any peaks.
In the following sections, we elaborate on the presence and the
diagnostic utility of these compounds. Results are organized per
biomarker category (animal products, vegetal foods, biomarkers for
processing) and will then be integrated to provide a general view
on the ceramics from Middelburg. A summary of all diagnostic
biomarkers is given in Table 2.
3.2. Biomarkers for animal foods
3.2.1. Animal steroids
Steroids such as cholesterol and phytosterols are key biomarkers
for distinguishing animal and plant foods, respectively. They are
rather infrequently reported in archaeological residues because
they constitute only a minor portion of fats and oils. Nevertheless,
sterol concentrations vary greatly amongst animal and vegetal
foods. For instance, ﬁsh oils contain more cholesterol than adipose
tissues from terrestrial animals (Heron et al., 2013). Phytosterol
concentrations also vary greatly in plant oils and vegetables and
may even increase during cooking due to hydrolysis of glycosylated
and esteriﬁed sterols (Kaloustian et al., 2008).
The ceramics from Middelburg contain small amounts of ste-
roids, preserved as both unaltered and altered structures. Examples
of such altered structures include ketonic and monoaromatic ste-
roid compounds (Fig. 5). These structures arise from sterol oxida-
tion (Rontani and Volkman, 2005) and sterol dehydration and
dehydrogenation (Lichtfouse et al., 1998), respectively, and were
found in 10 samples (Table 2). Cholesterol derived structures
indicate that animal foods have been processed while sitosterol
derived compounds serve as indicators for the processing of plant
foods.
While oxygenated steroids are regularly reported, mono-
aromatic steroids have not yet been reported in archaeological food
residues. Perhaps, this might well be due to the fact that these
compounds are not comprised in NIST or Wiley mass spectral li-
braries and may thus be easily overlooked. Yet, they occur
commonly in mature sediments, in which they are presumably
formed from D3,5-steradienes (Brassell et al., 1984; Mackenzie et al.,
1982). Theymay also be formed during pyrolysis as they are present
in humin pyrolysates (Lichtfouse et al., 1998) and can be catalyti-
cally synthesized from cholesterol by heating in vacuum(n ¼ carbon number; m ¼ number of double bonds): internal standard (I.S.), fatty acids
diacylglycerols (closed triangles, n).
Table 2
Summary of major biomarkers determined in the surface residues by GCeMS analysis. Presence, absence and uncertain presence are indicated by ‘x’, ‘nd’ and ‘?’, respectively. Abbreviations: APAAs ¼ u-(o-alkylphenyl)alkanoic
acids, MUFAs ¼ monounsaturated fatty acids, PAHs ¼ polycyclic aromatic hydrocarbons.
Category Food type Diagnostic biomarkers M01 M02 M03 M04 M05 M06 M07 M08 M10 M11 M12 M13 M14 M15 M16 M17 M18
Animal/plants Generic Oxygenated/aromatic sterolsa ch st ch st ch st ch st ch st ch st ch st ch st ch st ch ch st
CONCLUSIONa A þ P A þ P A þ P A þ P A þ P A þ P A þ P A þ P A þ P A A P
Animal foods Aquatic oils Isoprenoid fatty acidsb pr ph td pr ph pr ph td pr ph td pr ph ph td pr ph ph td pr ph td pr ph td pr ph td pr ph td pr ph td pr ph
APAAs (carbon nrs) 18 18 20 18 18 20 22 18 20 22 18 18 20 22 18 20 22 18 20 22 18 18 20 22
MUFAs (carbon nrs)c 17 19 17 19 17 19 17 19 17 19 17 19 22 17 19 17 19
CONCLUSION x x ? x x x x x x ? ? x ?
Animal fats Odd chain acylglycerols x x x x x x x x x x x x
Mid-ch ketones (carbon nrs) 29e35 31e35 29 23e35 29e35 23e35
CONCLUSIONd x
R
x
R
nd x
RD
x
R
x
RD
Beeswax 15-hydroxy-palmitic acid x x x x
Plant foods Brassica wax 15-nonacosanone nd nd x nd x nd
Leaf wax n-alkanols and n-alkanes x x x x x x X x x x x x x x x
Carbohydrates Levoglucosan x x x x x x x x
Phenolic ﬁber eg. lignin Phenolic acids, aldehydes x x x x x x x x
Pine tar/resin Abietane/pimarane diterpenoidse x
tar
x
tar
x
tar
x
tar
x
tar
x
tar
x
tar
x
resin
Open ﬁre PAHs x x x x x x x x x
a Animal (A) and plant (P) derived steroids are abbreviated as follows: ch ¼ cholestane backbone (A), st ¼ stigmastane backbone (P).
b Isoprenoid fatty acids: td ¼ trimethyltridecanoic acid, pr ¼ pristanic acid, ph ¼ phytanic acid.
c Structure identiﬁcation of MUFAs was conﬁrmed after dimethyldisulﬁde adduction. Only heptadecenoic acid C17:1, nonadecenoic acid C19:1 and docos-11-enoic acid C22:1(11) are considered diagnostic for ﬁsh oils.
d Mid-chain ketone origin: R ¼ ruminant, RD ¼ ruminant dairy.
e Assignment tar/resin is based on presence of aromatized diterpenoids (tars) and/or original diterpenoid acids (resin). See text for further details.
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Fig. 5. Deconvoluted mass spectra of ring A and ring B monoaromatic steroids: (a) 4-methyl-19-norcholesta-1,3,5(10)-triene, (b) 1(10/ 6)-abeo-14b-cholesta-5,7,9(10)-triene, (c)
4-methyl-19-norstigmasta-1,3,5(10)-triene and (d) 1(10 / 6)-abeo-14a-stigmasta-5,7,9(10)-triene. Identiﬁcations are based on comparison of mass spectra and retention times
with published data (Schüpfer et al., 2007).
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reactions are known to occur widely in terpenoid families such as
pimarane and abietane type diterpenoids (Otto and Simoneit,
2001) or oleanane and ursane type triterpenoids (Baeten et al.,
2014). The fact that similar reactions also act on steroids holds
promise for future archaeological biomarker analyses as cooked
food residues are known to be associated with compounds formed
by thermal decomposition such as mid-chain ketones or APAAs.
3.2.2. Aquatic oils
Out of 17 samples, 13 contained compounds indicative for ﬁsh
oils (Table 2). These include isoprenoid fatty acids (e.g. 4,8,12-
trimethyltridecanoic, pristanic and phytanic acid), mono-
unsaturated C17:1 and C19:1 fatty acids, and a series of even
numbered C16eC22 APAAs (Table 2, Fig. 6) (Baeten et al., 2013;
Evershed et al., 2008; Hansel et al., 2004). Furthermore, sample
M07 contained small but distinct signals of cetoleic acid (C22:1Fig. 6. Reconstructed ion chromatogram (SIM mode) of sample M05 showing C16 (closed circ
alkanoic acids (APAAs). The broad peaks at 23e24 and 26e27 min are from methyl stearatcis11) as evidenced by DMDS adduction. This fatty acid is typically
found in ﬁsh oils (Belitz et al., 2004; Heron et al., 2010) whereas its
isomer, erucic acid (C22:1 cis 13), is present in most oils and fats. The
presence of cetoleic acid in this sample hence reinforces the iden-
tiﬁcation of ﬁsh lipids. In four samples (Table 2), the identiﬁcation
of ﬁsh oils remains uncertain as they exhibit less speciﬁc bio-
markers such as phytanic acid and C17:1 (cf. Baeten et al., 2013).
Vicinal dihydroxy fatty acids can also provide indications for ﬁsh
oils (Hansel and Evershed, 2009) but their abundance was too low
to conﬁrm the presence of ﬁsh derived C20 and C22 dihydroxy acids.
3.2.3. Meat lipids
The fact that fatty acids constitute the predominant lipid class in
nearly all samples is most likely related to an animal fat or plant oil.
The signiﬁcant amount of odd and branched chain fatty acids and
monoacylglycerols, notably C15 and C17 fatty acids and acylglycerols
together with their equivalent iso- and anteiso-isomers, couldles), C18 (open triangles), C20 (closed squares) and C22 (open rhombi) u-(o-alkylphenyl)
e and a derivatisation artefact of methyl octadecenoate, respectively.
Fig. 7. Absolute concentrations (in ng g1 residue) and carbonyl position distribution of mid-chain ketones in samples M04, M05, M08, M10, M11 and M14. From these two data
sets, the original fatty acyl distribution can be reconstituted (cf. Baeten et al., 2013).
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represent inputs from soil micro-organisms given the prolonged
contact of the residues with soil organic matter (Dudd et al., 1998;
Heron et al., 1991; Kimpe, 2003). Furthermore, a broad distribution
of trans C18:1 isomers was detected in most samples, a feature
which has been interpreted as diagnostic for ruminant fats (cf.
Baeten et al., 2013; Mottram et al., 1999). However, a catalytic
origin, e.g. heating in the presence of metal ions, has never been
considered despite its high probability (cf. supporting info).
Therefore, C18:1 isomer distributions were not interpreted in resi-
dues from cooking vessels.
More diagnostic information can be retrieved from lipid signa-
tures which are locked into altered structures such as mid-chain
ketones (Baeten et al., 2013). These compounds were present in
trace quantities in 6 samples (Table 2). Awide carbon number range
is observed in all samples except forM08 (Fig. 7), indicating that the
ketones were formed by fatty acid pyrolysis at temperatures
exceeding 300 C (Evershed et al., 1995; Raven et al., 1997). As the
position of the carbonyl group is indicative for the carbon number
of the original fatty acids, the original fatty acid proﬁle can be
reconstituted via mass spectral deconvolution (Baeten et al., 2013).
The resulting pattern (Fig. 7) displays two typical features of
ruminant fats, namely the presence of odd-chain fatty acids (C15:0
and C17:0) and the relatively high abundance of the stearyl moiety
(C18:0). Furthermore, sample M10 and M14 exhibit also lower mo-
lecular weight ketones with carbon numbers as low as C23. The
carbonyl position of the latter evidence that medium chain fatty
acids (viz. C6:0 to C12:0) have been incorporated into the ketones.
These patterns are highly diagnostic for dairy fats (Belitz et al.,
2004; Dudd and Evershed, 1998). This is the ﬁrst time that suchdairy signals are found in mid-chain ketones. The sole presence of
15-nonacosanone in sample M08 coincides with a pronounced
peak of nonacosane, which is indicative for a Brassicaceae leaf wax
(cf. infra). Sample M11 shows both a wide distribution of ketones
and an anomalous presence of 15-nonacosanone and nonacosane,
indicating that both animal fats and Brassica leaf wax were pro-
cessed in this vessel.
The peculiar ﬁnding of dairy signals in mid-chain ketones is
striking as these shorter ketones have never been reported before.
This is in apparent contrast with the fact that mid-chain ketones are
generally picked up quite easily from organic residues and are thus
often reported. However, it becomes clear from Fig. 7 that the
concentration of the shorter ketones is much lower than the
C29eC35 ketones which are most commonly reported. This can be
rationalized by the fact that medium chain fatty acids are more
water soluble and are more prone to losses. Therefore, their
reduced concentration makes that they can be easily overlooked
and can be obscured by other chromatographic peaks or simply
background noise. Therefore, it is extremely important to adopt a
targeted approach involving the extraction of selected ion signals or
mass spectral deconvolution techniques (see Baeten et al., 2013 for
technical details). While the present study involves relatively
recent residues, it remains openwhether theywould also survive in
vessels of prehistoric date.
3.2.4. Beeswax
Beeswax is composed of odd-chain alkanes and wax esters
consisting of palmitic acid and 15-hydroxypalmitic acid esteriﬁed
with long-chain alkanols and alkanediols. Upon burial these com-
pounds can be hydrolyzed, resulting in free acids and alcohols.
Table 3
Summary of PAH ratios in the food crusts.
PAH ratioa M02 M04 M06 M07 M08 M10 M11 M12 M14
MP/P 0.53 0.71 0.14 0.68 0.40 0.47 0.80 1.4 0.55
Fl/Fl þ Py 0.51 0.54 0.59 0.44 0.49 0.45 0.46 0.46 0.57
BaA/BaA þ Chr 0.48 0.4
IP/IP þ BghiP 0.52
a Abbreviations: MP ¼ sum of methylphenanthrenes, P ¼ phenanthrene,
Fl ¼ ﬂuoranthene, Py ¼ pyrene, BaA ¼ benzo[a]anthracene, Chr ¼ chrysene,
IP ¼ indeno[1,2,3-cd]pyrene, BghiP ¼ benzo[ghi]perylene.
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but 4 samples show distinct peaks of 15-hydroxypalmitic acid,
long-chain alkanols and alkanes (Table 2). Whereas the latter two
may also occur in plant leaf waxes, 15-hydroxypalmitic acid is
considered speciﬁc for beeswax (Aichholz and Lorbeer, 1999;
Baeten et al., 2010, 2013; Garnier et al., 2002).
3.3. Biomarkers for vegetal matter
The lipid extracts contained many evidences for plant derived
compounds, based on biomarkers such as plant derived steroids,
long-chain aliphatic alkanols and alkanes, phenolic acids and lev-
oglucosan. These markers will be explained below.
3.3.1. Plant steroids
Plant derived steroids include unaltered sitosterol and stig-
masterol (only once in sample M18), as well as oxidized and
monoaromatic phytosterols (Table 2). In order to exclude possible
soil derived sterols, only altered phytosterols were taken into ac-
count to asses vegetal inputs (cf. supra). In this way, 10 samples
were found to have been used to process plant foods (Table 2).
3.3.2. Leaf waxes
Long-chain even-numbered alkanols (C20eC34) and odd-chain
alkanes (C23eC33) were detected in many samples, often in small
or trace abundances (Table 2). These compounds derive from plant
leaf waxes or beeswax (cf. supra). Unfortunately, the exact source of
these markers cannot be stated with certainty. The alkanols and
alkanes could indeed have a vegetal origin, particularly in samples
that were devoid of the beeswax marker 15-hydroxypalmitic acid.
On the other hand, they may also represent intrusive soil lipids.
Furthermore, the anomalous presence of 15-nonacosanone and
nonacosane in two samples (M08 and M11) is clearly diagnostic for
a leaf wax from the Brassicaceae family (e.g. cabbage, turnip,
mustard) (Baeten et al., 2013).
3.3.3. Plant biomass
Eight samples (Table 2) showed distinct peaks of phenolic acids
(e.g. p-hydroxybenzoic, vanillic and syringic acid) and corre-
sponding benzaldehydes (e.g. p-hydroxybenzaldehyde, vanillin and
syringaldehyde). These compounds derive most likely from
ligneous or cuticular plant tissues. Lignin is a ubiquitous structural
plant polymer consisting of interconnected phenylpropanoid
monomers. Pyrolysis of this polymer yields predominantly
phenolic acids and aldehydes while original substituents of the
phenol ring are retained. Hence, the incomplete combustion of
coumaryl, coniferyl and sinapyl type lignins leads to p-hydrox-
yphenyl, vanillyl and syringyl type acids and aldehydes,Fig. 8. Partial selected ion (grey numbers) chromatograms of sample M07 showing the p
Ac ¼ acephenanthrylene, Py ¼ pyrene, BghiF ¼ benzo[ghi]ﬂuoranthene, BaA ¼ benzo[a]an
BeP ¼ benzo[e]pyrene, BaP ¼ benzo[a]pyrene, Per ¼ perylene, IC ¼ indeno[7,1,2,3-cdef]chrys
perylene.respectively (Simoneit et al., 1993). Additionally, the food crusts
may have received inputs from coumaryl or feruloyl esters occur-
ring widely in fruits and vegetables as well as in suberin and ara-
binoxylans (Kolattukudy, 1980; Belitz et al., 2004).
Levoglucosan is a major product of pyrolyzed carbohydrates
including monomeric glucose units and polysaccharides such as
cellulose (Simoneit et al., 1999) and was detected 8 times (Table 2).
Heating of carbohydrates above 300 C initiates a series of reactions
involving bond cleavage by transglycosylation, ﬁssion and dispro-
portionation, ultimately yielding anhydro sugars and volatile
products (Simoneit et al., 1999). A major product is the 1,6-
anhydride of glucose which is called levoglucosan.3.3.4. Resins
As a minor compound class, the food crusts also contain di- and
triterpenoids. The latter include lupeol, lupenone, friedelan-3-one,
a-amyrenone and b-amyrenone and reﬂect an input from higher
plant tissues (e.g. cuticles) or exudates (e.g. resins). Diterpenoid
signatures were present in 8 samples (Table 2). They were mostly
detected in low abundances and consisted of dehydroabietic acid
and retene, characteristic markers for a tar derived from the Pina-
ceae family (pine, spruce, larch, etc.). Sample M18 constitutes an
exceptional pattern in that the diterpenoids dominated the chro-
matogram. Fatty acids, long-chain alkanols and sterols were only
detected in trace abundances. Abietane (e.g. abietic acid, dehy-
droabietic acid, 9,10-secodehydroabietic acid) and pimarane diter-
penoids (e.g. pimaric acid, sandaracopimaric acid, isopimaric acid)
are diagnostic for a resin from the Pinaceae family. Furthermore,
the absence of retene and pimanthrene indicates that the vessel
had contained a natural resin and not a tar or pitch (these are ob-
tained by thermal extraction of woods).3.4. Biomarkers for thermal processing
Biomarkers for thermal processing have already been discussed
above. It was demonstrated that plant biomass (viz. sterols,resence of PAHs. Peak labels: P ¼ phenanthrene, A ¼ anthracene, Fl ¼ ﬂuoranthene,
thracene, Chr ¼ chrysene, BkF ¼ benzo[k]ﬂuoranthene, BbF ¼ benzo[b]ﬂuoranthene,
ene, IP ¼ indeno[1,2,3-cd]pyrene, DBahA ¼ dibenzo[ah]anthracene, BghiP ¼ benzo[ghi]
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conditions. The presence of hydroxylated and oxygenated fatty
acids, formed by autoxidation, is also consistent with this pattern
although autoxidation reactions may also proceed at ambient
temperatures. Mid-chain ketones and APAAs are formed at tem-
peratures in excess of 300 C and 270 C, respectively (Hansel et al.,
2004; Raven et al., 1997). Nine samples contain yet another set of
markers, viz. polycyclic aromatic hydrocarbons (PAHs), which evi-
dence that the food crusts have been in contact with even higher
temperatures (Fig. 8, Table 2). PAHs can be formed from different
types of organic or carbonaceous matter through partial cracking
into unstable radicals and subsequent pyrosynthesis (Simoneit,
2002). Initial low molecular weight products such as naphthalene
may grow with increasing residence times and temperature via the
“zigzag” addition process leading to the formation of species such
as benzo[a]pyrene and benzo[ghi]perylene (structures in Fig. S2).
Experimental charring of grass and pine wood evidenced that PAH
formation is the greatest at temperatures between 400 C and
600 C (Keiluweit et al., 2012). Many of these higher molecular
weight PAHs are toxic and hence pose major health concerns in
industrial activities involving combustion processes.
Sample M07 and M11 exhibited the highest concentration of
PAHs (Fig. 8). PAHs such as phenanthrene, ﬂuoranthene and pyrene
were also detected in samples M02, M04, M06, M08, M10, M12 and
M14 but in much smaller amounts compared to sample M07 and
M11. The presence of these PAHs in the food crusts likely originate
from open ﬁres which have been used as heating source for the
cooking vessels. This hypothesis can be veriﬁed by looking at
diagnostic PAH ratios, which are used widely in environmental
studies to distinguish fossil fuel (petrogenic) and combustion (py-
rogenic) sources (Tobiszweski and Namiesnik, 2012). MP/P
values < 1.0, Fl/Fl þ Py values > 0.4, BaA/BaA þ Chr values > 0.35
and IP/IP þ BghiP values > 0.5 are observed in almost every sample
(Table 3) and this is consistent with a pyrogenic origin. Only one
sample exhibits a MP/P value of 1.4 but this may be explained by
combustion at lower temperatures around 400 C (Keiluweit et al.,
2012). Furthermore, the presence of retene in several samples
(Table 2) may indicate that the wood fuel consisted of pine woods
as this abietic acid derived molecule is highly diagnostic for
members of the Pinaceae family.
Perhaps it is not a coincidence that crusts M07 and M11
exhibited the largest concentrations of PAHs. These samples were
taken both on the interior and exterior vessel wall, whereas other
samples were taken only on the interior sides (Table 1). Outer crusts
are presumed to be spills or residues resulting from overcooking
and are expected to accumulate the largest amount of PAHs due to
direct contact with the heat source. Nevertheless, it can be envis-
aged that PAHs may be transported via smoke particles, which
would explain why PAHs were also present in inner crusts. Alter-
natively, PAHs may have been formed in situ by heating at tem-
peratures above 400 C.
The presence of PAHs in interior surface residues may also raise
questions whether other biomarkers such as phenolic acids or
levoglucosan represent smoke particles from the wood ﬁre or are
indigenous to the processed foods. It is not clear how these two
sources may be distinguished from one another. Nevertheless, the
fact that PAHs do not always co-occur with biomarkers for plant
biomass may suggest that the latter are derived from processed
foods.
3.5. Integration of all biomarker evidence
3.5.1. Cooking vessels
The molecular composition of the carbonized surface residues
displays clear biomarkers for degraded fatty material associatedwith food consumption (Table 2). Particularly the presence of stable
degradation products such as u-(o-alkylphenyl)alkanoic acids,
mid-chain ketones and aromatic steroids bears evidence for the
processing of both vegetal and animal food commodities at
elevated temperatures. The overall pattern is that the cooking
vessels were used to prepare a great variety of foodstuffs. Bio-
markers for ruminant fats were recorded in 5 samples, biomarkers
for ﬁsh oils in at least 9 samples. The ruminant fats could be further
speciﬁed to dairy fats in two cases based on the carbon number
distribution of the mid-chain ketones. Still, it is possible that the
actual portion of dairy fats and ﬁsh oils may be underestimated due
to poor biomarker preservation. Lipids derived from aerial plant
surfaces and markers for plant biomass were also detected in many
samples. In two cases, the presence of a Brassicaceae wax could be
evidenced. In another four cases, beeswax was identiﬁed which
might be related to the consumption of honey. Furthermore, the
cooking vessels appear to have been heated on open ﬁres. Evidence
for this is provided by the presence of pyrogenic PAHs resulting
from the incomplete combustion of organic material at tempera-
tures between 400 C and 600 C. The presence of retene in several
samples further indicates that pine woods were used as fuel.
From a methodological point of view, it was interesting to see
that the recently proposed ﬁsh biomarkers, C17:1 and C19:1, were
detected along with the conventional ﬁsh biomarkers, and that
DMDS adductionwas instructive to identify another ﬁsh biomarker,
namely cetoleic acid (C22:1 cis11). Furthermore, the fact that pyro-
lytic process may transform sterols into monoaromatic steroids
holds promise for future biomarker analyses, particularly when
plant vs. animal inputs have to be evaluated. This study also rep-
resents the ﬁrst instance inwhich dairy signals have been identiﬁed
in mid-chain ketones.
The study also highlights the caution with which results from
surface residues has to be interpreted. In comparison to absorbed
residues which are absorbed in micropores within the ceramic
vessel wall, surface residues are much more exposed to the sur-
rounding soil and may suffer from intrusion from extraneous soil
lipids. Generally, original unaltered biomarkers, such as free fatty
acids and sterols, were considered more dubious as they might as
well originate from soil lipids. On the other hand, altered bio-
markers, such as mid-chain ketones, u-(o-alkylphenyl)alkanoic
acid or monoaromatic sterols, cannot be linked with post-burial
intrusions but instead indicate that foods were heated in the ves-
sels. Because of the complexity and the possible post-burial alter-
ation of the samples, additional bulk and compound-speciﬁc stable
isotope analyses on the fatty acids were not performed.
3.5.2. Ointment vessels
The ointment vessels have yielded variable results. Sample M14
contained typical food biomarkers of dairy fat, ﬁsh oils, possibly
admixed with leaf waxes. The interpretation of this sample remains
somewhat problematic. Although it could just be a concoction of
animal and plant extracts, a comparison for such a mixture was not
found in early modern medicine books. Sample M18, on the other
hand, did not contain any other lipids than Pinaceae derived resin
acids. The unaltered preservation state of the original resin acids
suggests that this particular vessel may have been used to store the
resin. The other samples contained low amounts of rather generic
lipids which make further interpretations difﬁcult.
3.6. Discussion
How does the biomarker evidence above compare to the avail-
able ceramological and historical data? Concerning forms related to
food, the residues seem to resemble one another, despite the broad
chronological spread of the pottery, ranging from the 16th to 17th
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cooking pots were used for preparing multiple foodstuffs, not
necessarily all at once, and that typology is not always bound to a
certain function. All sorts of cooking pots seem to have served a
similar purpose. Of particular importance is the bowl (M13).
Although this form is traditionally associated with skimming cream
of milk (hence often called milk bowl), these analyses show that
this form could indeed have had multiple functions, as it contains
possible remnants of ﬁsh and plant foods. Finally, there does not
appear to be a real difference in the consumption of foodstuffs
between the upper and lower court. Although this is slightly con-
tradictory to what one may assume, multiple causes (e.g. limited
sample size and unknown patterns of refuse disposal) can lie at the
basis of this observation.
As glaze prevents the fabric from soaking up foodstuffs and al-
lows the ceramics to be easily washed up, it could be suggested that
the residues represent a single meal, rather than different ones. The
possible combination of multiple foodstuffs is in linewith themany
recipes in early modern cookery books for hodgeepodge, a dish
combining vegetables, meat or ﬁsh. The combined use of meat and
ﬁsh in such a hodgeepodge is however unprecedented and may
thus be illustrative of the discrepancy between cookery books and
everyday practice. Next to bread, this stew, together with a sort of
thick soup called potagie (pottage) is considered to be the daily dish
in earlymodern Flanders (Lindemans,1952; Rooms, 2003). As some
of the ceramics can be associated with the military occupation on
the castle in the late 16th-early 17th century, these analyses,
although small in number, might suggest that a soldier's diet did
not differ signiﬁcantly from a civil one, conﬁrming Morineau's
statement (1963) on the common character of the military ration.
Furthermore, as with the bowl, these analyses show that the
traditional nomenclature for the ointment jar is too restricting
since at least one of these jars functioned as a container for resin.
Resins are often used as an ingredient in medicinal formulation in
early modern times. To name but one example, in their Medecyn
Boec Christoph Wirsung and Carel Baten (1593, f. 510) mention
several resins and gum resins (e.g. mastic, galbanum, ammonia-
cum, bdellium and opopanax) as key ingredients for a healing
ointment. Such mixtures of resins, based on terpenoids, were
identiﬁed in the Barber-Surgeon's medicine chest from the Mary
Rose, which sank in 1545 (Edwards et al., 2004; Evershed et al.
1985). The presence of such a raw ingredient suggests the possi-
bility of a surgeon, doctor or pharmacist on the castle site, pro-
ducing ointments to heal the wounds of soldiers, an idea that had
already been raised on the basis of the ceramics study and earlier
ointment analysis (De Clercq et al., 2007; Baeten et al., 2010).
4. Conclusion
The study of organic residues preserved in ceramics has been a
major focus in the ﬁeld of residue analysis. However, constant
scrutiny should be exerted to prevent over-interpretation of mo-
lecular signals and confusion with extraneous contaminants
(Steele, 2013). The mixing of various food commodities (e.g. in
stews) and the use (or reuse) of pottery for the processing of various
foodstuffs are further complicating factors (Baeten et al., 2013). In
this respect, ceramics from early modern assemblages e often
narrowly datede constitute interesting study objects. The interplay
with the myriad of historical sources available and the chemical
data thusmake the castle site of Middelburg a good basis for further
comparison. For the ﬁrst time, a considerable number of surface
residues from the earlymodern Low Countries were analyzed using
GCeMS. In doing so, these analyses not only resulted in method-
ological advancements in biomarker identiﬁcation and archaeo-
logical nomenclature but, moreover, a new stimulus is given toearly modern food history by providing information on the dietary
practices on a particular site and of speciﬁc social groups.
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